We report on elastic integral, momentum transfer, and differential cross sections for collisions of low-energy electrons with thiophene molecules. The scattering calculations presented here used the Schwinger multichannel method and were carried out in the static-exchange and static-exchange plus polarization approximations for energies ranging from 0.5 eV to 6 eV. We found shape resonances related to the formation of two long-lived π * anion states. These resonant structures are centered at the energies of 1.00 eV (2.85 eV) and 2.82 eV (5.00 eV) in the static-exchange plus polarization (static-exchange) approximation and belong to the B 1 and A 2 symmetries of the C 2v point group, respectively. Our results also suggest the existence of a σ * shape resonance in the B 2 symmetry with a strong d-wave character, located at around 2. (1998)] based on the electron transmission spectra of dimethyl(poly)sulphides. A comparison among the resonances of thiophene with those of pyrrole and furan is also performed and, altogether, the resonance spectra obtained for these molecules point out that electron attachment to π * molecular orbitals is a general feature displayed by these five-membered heterocyclic compounds. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Studies on collisions of low-energy electrons with biological molecules and related systems became a very important subject since the seminal work reported by Boudaïffa et al. 1 These authors discovered that electrons generated by the ionizing radiation incident on living tissues were able to break single-and double-strands in DNA. These electrons are the most abundant secondary products generated by the ionizing radiation and have energies below ∼20 eV (after thermalization). Based on solid evidence, it is now widely accepted that bond cleavages in DNA produced by the impact of very slow electrons occur through the formation of a transient negative ion state (or simply, resonance). It is worth mentioning that the formation of such metastable states is a very efficient way to release energy from the incident light particle to the nuclear degrees of freedom. As a result, the process may eventually give rise to one or more separated fragments and, for that reason, it is also known as a dissociative electron attachment (DEA). Therefore, it becomes clear that the understanding and the characterization of resonances represent important steps towards a deeper insight into the damage induced to DNA through DEA mechanisms 3 (a review by a) Electronic mail: bettega@fisica.ufpr.br
Baccarelli et al. 2 on DEA to DNA and its components has been published recently). Besides, since this process occurs locally in the DNA chain, the results obtained in gas-phase calculations or experiments can be used as a guide to understand what happens in condensed-phase materials of interest in radiobiology. 4 Furan (C 4 H 4 O) and pyrrole (C 4 H 4 NH) may be regarded as prototypes for more complex biological systems and, due to this fact, they have been addressed in studies of elastic [5] [6] [7] and inelastic 8 electron collisions. These molecules are isoelectronic, belong to the C 2v group, and present two π * shape resonances in the B 1 and A 2 symmetries. Thiophene (C 4 H 4 S), as furan and pyrrole, also presents two π * shape resonances belonging to the B 1 and A 2 symmetries (thiophene and furan have the same valence). However, studies on electron interactions with thiophene are much more scarce. Modelli and Burrow 9 employed electron transmission spectroscopy (ETS) in order to investigate the formation of anions in furan, pyrrole, thiophene and their 2-aza and 3-aza derivatives. For furan, pyrrole, and thiophene, they reported two π * shaperesonances, and through electronic structure calculations they assigned them to the A 2 and B 1 symmetries (these calculations are routinely employed in the interpretation of ETS spectra). According to their measurements, the resonances of thiophene were centered at the energies of 1.15 eV (B 1 ) and 2.63 eV (A 2 ). A more recent comparative study of electron collisions with furan, pyrrole, thiophene, and isoxazole was performed by Możejko et al. 10 In particular, for thiophene they reported elastic cross sections calculated with an additivity rule 11 for energies above 40 eV. An interesting aspect of the thiophene molecule is the presence of the heavier and highly polarizable sulfur atom. Third-row elements usually give rise to long-lived σ * shape resonances, 12, 13 and these anion states would be expected to be present in thiophene, in contrast to furan and pyrrole. In fact, Dezarnaud-Dandiney et al.
14 employed electron transmission spectroscopy to explore σ * resonances in dimethyl(poly)sulphides, namely, dimethylsulphide, dimethyldisulphide, and dimethyltrisulphide. For dimethylsulphide, they reported the existence of a σ * anion state at 3.25 eV. This resonance was assigned to the B 2 symmetry, with the excess electron in the σ *(S-C) molecular orbital, which displays a strong 3d character.
In this work we present elastic integral, momentum transfer, and differential cross sections for the scattering of slow electrons by thiophene molecules. The cross sections were calculated with the Schwinger multichannel (SMC) method with pseudopotentials for energies ranging from 0.5 eV to 6 eV. We employed the static-exchange (SE) and the staticexchange plus polarization (SEP) approximations to investigate and characterize shape resonances. Our scattering calculations indicated the presence of two π * shape-resonances in thiophene in good agreement with the results previously reported by Modelli and Burrow. 9 Our results also suggest the existence of a σ * resonance with a strong d-wave character, in agreement with the observations of Dezarnaud-Dandiney et al. 14 Moreover, the present calculations complete a series of studies addressing electron collisions with five-membered heterocyclic compounds performed in our group, which have included furan 5, 6 and pyrrole 7 molecules so far. This paper is organized as follows. In Sec. II we outline the general aspects of the theoretical method and the details on the computational procedures used in our calculations. In Sec. III we present our results and discussions. Finally, we close the paper with a brief summary of the present calculations and results in Sec. IV.
II. THEORY
The cross section calculations were carried out with the SMC 15, 16 with pseudopotentials (SMCPP) 17 within the minimal orbital basis for single configuration interactions (MOB-SCI) approximation. 18 The SMC method has been described in detail in several publications and here we will only summarize those points that are relevant for the present calculations.
The SMC method is a variational approximation to the scattering amplitude, so that the resulting expression in the body-frame is given by
where the {|χ m } represents a basis set of (N + 1)-electron symmetry-adapted Slater determinants, also referred to as configuration state functions (CSFs). The CSFs are built from products of target states with single-particle wave functions. For the calculations carried out in the SE approximation, the (N + 1)-electron basis set (direct space) is given by
where | 1 is the target ground state, |ϕ m is a single-particle function, and A is the antisymmetrizer. For the calculations carried out in the static-exchange plus polarization approximation, the direct space is augmented by CSFs constructed as
where | r are N-electron Slater states obtained by performing single excitations of the target from the occupied (hole) orbitals to a set of unoccupied (particle) orbitals. Here, |ϕ s is also a single-particle function and A is the antisymmetrizer.
In Eq. (1), the d mn matrix elements are given by
and the A (+) operator is given by
In the above equations, S k i(f ) is a product of a target state and a plane wave with momentum k i(f ) , which is an eigenstate of the unperturbed Hamiltonian H 0 ; V is the interaction potential between the incident electron and the target;Ĥ ≡ E − H is the collision energy minus the full Hamiltonian of the system, with H = H 0 + V ; P is a projection operator onto the openchannel space; and G
(+)
P is the free-particle Green's function projected on the P-space.
The target ground state was described in the HartreeFock (HF) approximation at its equilibrium geometry in the C 2v group. 19 The geometrical structure of thiophene is shown in Fig. 1 and the bond lengths and angles are shown in Table I , respectively. The scattering calculations were performed in the SE and in the SEP approximations. We used the norm-conserving pseudopotentials of Bachelet, Hamann, Table II , which were generated according to the procedure described by Bettega et al. 22 For the hydrogen atoms, we employed the 4s/3s basis of Dunning, Jr., 23 augmented by one p-type function with exponent 0.75. The computed value of the dipole moment was 0.81 D, which is overestimated in comparison with the experimental value of 0.55 D. 19 The SMC method employs only square integrable functions, in particular CG functions, to represent the scattering wave function. In dealing with molecules that posses a permanent electric dipole moment, the long range character of the dipole potential is truncated by the range of the CG functions, and therefore the higher partial waves are poorly described. The standard procedure employed to overcome this problem is the Born closure. 24 However, the dipole moment value of thiophene is small and we are mainly interested in the positions of shape resonances (formed by electron attachment into vacant valence orbitals and hence not affected by the dipole potential). Nevertheless, we also present momentum transfer cross sections (MTCS) whose magnitude would be more accurate than the integral cross sections (ICS) magnitude (in view of the weighting factor 1 − cos θ in the MTCS, where θ is the scattering angle). Therefore, we decided to incorporate the effect of the long range character of the dipole potential in our calculations only in the computation of the differential cross sections (DCSs) in order to correct them at lower scat- tering angles, where the higher partial waves have a significant contribution. In short, we computed the scattering amplitude in the body-frame of the molecule and also computed the scattering amplitude for a point-dipole potential in the first Born approximation. The dipole was considered having the same orientation and magnitude of the molecular dipole used in the scattering calculations with the SMC method. We kept the lower partial waves of the scattering amplitude obtained with the SMC method up to SMC , and the higher partial waves ( > SMC ) are considered within the first Born approximation for the dipole moment potential. The SMC value is chosen in order to minimize the difference between the differential cross sections with and without Born closure for angles typically above ∼20
• . To include polarization effects, we used the lowest 41 improved virtual orbitals (IVOs) 26 to represent the particle and the scattering orbitals. We considered singlet-and tripletcoupled single excitations of the target. With this procedure, we obtained 6048 CSFs (doublets) for the A 1 symmetry, 6005 for B 1 , 5001 for B 2 , and 4960 for A 2 . Figure 2 shows the calculated ICS and the MTCS in the SE and SEP approximations. Both SE and SEP cross sections present two peaks, the lower corresponding to the π * resonance in the B 1 symmetry and the higher to a superposition of a π * resonance in the A 2 symmetry and a σ * shape resonance in the B 2 symmetry, as discussed below. These assignments are clearly supported by the symmetry decomposition of the ICS presented in Fig. 3 (the rise seen in the ICS of the A 2 symmetry close to 6 eV is associated to a pseudoresonance). The locations of the SE and SEP π * resonances are summarized in Table III , along with the scaled virtual orbital energies (VOEs) and the experimental vertical attachment energies (VAEs) obtained by Modelli and Burrow. 9 As expected, the peaks of the resonant structures are shifted to smaller energies as long as polarization effects are included in our calculations, and the SEP results are in very good agreement with the electron transmission spectroscopy data from Ref. 9 . Modelli and Burrow 9 obtained the VOEs by two different calculations: (i) geometry optimization using second order Møller-Plesset perturbation theory with the 6-31G(d) basis followed by an energy calculation at the optimized geometry within the HF approximation with the same basis set and (ii) geometry optimization and energy calculations based on the density functional theory (DFT) using the B3LYP functional and the 6-31G(d) basis set. The calculated VOEs were then scaled as VAE = 0.64795VOE − 1.4298 according to (i), and as VAE = 0.80543VOE + 1.21099 according to (ii) (with VAE and VOE in eV in both relations).
III. RESULTS AND DISCUSSION
The symmetry decomposition for the B 2 component of the ICS presented in Fig. 3 shows a broad structure located at 2.78 eV (5.50 eV) in the SEP (SE) cross section. We carried out a partial wave analysis of the B 2 ICS and also computed the eigenphase sum for this symmetry. Although not shown here, this structure has a significant contribution from the = 2 partial wave, and the corresponding eigenphase does indicate a shape resonance. The significant d-wave contribution Table IV shows a comparison among the measured VAEs and the computed resonance positions of furan, 6 pyrrole, 7 and thiophene. As anticipated, there is a great similarity in the π * resonance spectra of these molecules, though the thiophene cross section peaks lie systematically below their pyrrole and furan counterparts. For the B 1 symmetry, the calculated resonant peak in thiophene is located approximately 1.0 eV and 1.7 eV below the corresponding peaks observed in the momentum transfer cross sections for furan and pyrrole, respectively. The A 2 thiophene peak, on the other hand, is located below their counterparts by 0.8 eV (furan) and 1.0 eV (pyrrole). This is illustrated in Fig. 4 , where we compare the MTCS of these three molecules. The fact that the π * shape resonances of thiophene are located at lower energies than the corresponding resonances in furan and pyrrole may be explained because sulfur has larger electron affinity and polarizability than oxygen and nitrogen. Besides, in the B 2 symmetry of furan and pyrrole, there is a broad structure located at higher energies, while in thiophene there is a long-lived σ * resonance at around 2.78 eV. As discussed below, this σ * anion state in thiophene may be associated to a σ *(b 2 ) orbital with a strong 3d(S) character, as pointed out elsewhere for dimethyl(poly)sulphides. 14 The superpositions of the π *(b 1 ) and the σ *(b 2 ) resonances at around 3 eV, as shown in Figs. 2 and 3 , could mask the latter in the ETS spectra. Figure 5 shows the LUMO, the LUMO+1, and the LUMO+2 for thiophene. These orbitals were obtained with the computer package GAMESS 25 following the recipe (i) described above. The LUMO, LUMO+1, and LUMO+2 obtained from a DFT calculation (according to the recipe (ii) described above) are similar to those shown in Fig. 5 . These orbital plots highlight the π * character of the b 1 (LUMO) and the a 2 (LUMO+2) orbitals and provide, along with the empirical scaling relations presented above, a simple model that helps in a qualitative discussion of the resonances. The LUMO+1 is a mixture of a σ *(C-S) and a 3d(S) orbitals. For furan, the two π * resonances are related to the LUMO (π *(b 1 )) and LUMO+1 (π *(a 2 )) orbitals, 6 while for pyrrole the orbitals are the LUMO (π *(a 2 )) and LUMO+1 (π *(b 1 )). 7 The LUMO+2 for pyrrole corresponds to the σ *(a 1 ), which is responsible for a broad σ * shape resonance present in the = 2 partial wave in the cross sections of the A 1 symmetry. 7 We show in Fig. 6 the calculated differential cross sections (DCSs) obtained in the SE and SEP levels of calculations at 1, 2, 3, 4, 5, and 6 eV. For the SEP results, we proceeded with the Born-closure procedure in order to take the long range character of the dipole potential into account. DCSs for furan and pyrrole (except at 2 eV) are also shown in this figure for comparison. At 4, 5, and 6 eV the DCSs for thiophene, furan, and pyrrole become closer to each other. Since sulfur is heavier than oxygen and nitrogen, thiophene couples higher partial waves than furan and pyrrole. This is emphasized by the d-wave behavior displayed by the DCSs of thiophene at 1, 2, and 3 eV, which is absent in the DCSs of furan and pyrrole.
IV. CONCLUSIONS
We have reported elastic cross sections for collisions of low-energy electrons with thiophene. The computed momentum transfer cross section presents two peaks which correspond to π * shape resonances in the B 1 and A 2 symmetries, similar to those previously observed for furan and pyrrole. The computed positions are 1.00 eV (2.85 eV) for the B 1 resonance, and 2.82 eV (5.00 eV) for the A 2 resonance, as obtained with the SEP (SE) approximation. The SEP results are in good agreement with the electron transmission spectroscopy data of 1.15 eV and 2.63 eV available in the literature. These findings are further supported by the results obtained from the scaling of the LUMO and LUMO+2 orbital energies. Our results also support the existence of a σ * resonance in the B 2 symmetry, located at 2.78 eV (5.50 eV) in the SEP (SE) approximation. We also computed the differential cross sections and found that for the energies close to the resonances, the DCSs display a d-wave behavior. These calculations for thiophene conclude a series of studies on electron collisions with five-membered heterocyclic compounds, which also included furan and pyrrole.
